Background: Energy-yielding liquids elicit weak suppressive appetite responses and weak compensatory responses, suggesting that liquid calories might lead to a positive energy balance. However, data is often derived from foods differing in many characteristics other than viscosity. Objective: To investigate the effect of viscosity on ad libitum food intake in real-life setting and to investigate whether a difference in ad libitum intake is related to eating rate and/or eating effort. Design: In real-life setting 108 nonrestrained subjects (26 ± 7 years, BMI 22.7 ± 2.4 kg m À2 ) received a chocolate flavored liquid, semi-liquid and semi-solid milk-based product, similar in palatability, macronutrient composition and energy density. In laboratory setting 49 nonrestrained subjects (24 ± 6 years, BMI 22.2 ± 2.3 kg m À2 ) received the liquid or semi-solid product. Effort and eating rate were controlled by means of a peristaltic pump. Results: In real-life setting the intake of the liquid (809 ± 396 g) was respectively 14 and 30% higher compared to the semiliquid (699±391 g) and semi-solid product (566±311 g; Po0.0001). In laboratory setting, removing eating effort, resulted in a 29% (Po0.0001) intake difference between liquid (319 ± 176 g) and semi-solid (226 ± 122 g). Standardizing eating rate resulted in 12% difference between liquid (200±106 g) and semi-solid (176±88 g; P ¼ 0.24). If not controlled, the difference in intake between liquid (419 ± 216 g) and semi-solid (277 ± 130 g) was comparable to the real-life setting (34%; Po0.0001). Conclusions: Products different in viscosity but similar in palatability, macronutrient composition and energy density lead to significant differences in intake. This difference is partially explained by the higher eating rate of liquids.
Introduction
Several studies have shown that energy-yielding liquids seem to elicit weaker suppressive appetitive responses compared to solids. Postprandial hunger scores are significantly lower and/or satiety scores significantly higher after ingestion of more viscous/solid foods compared to liquid foods. [1] [2] [3] [4] Furthermore, compared to solids, liquids seem to elicit a weak compensatory response in balancing energy intake throughout the day. 5, 6 This effect is not only apparent in short-term preloads studies but is also observed in longer term intervention studies. In a 4-week crossover study 7 subjects consumed daily a liquid or a solid carbohydrate load for 4 weeks. Free energy intake during the period that the solid was consumed was significantly lower than prior to this period. No decrease in energy intake occurred during the period that the liquid load was consumed. Total 24 h energy intake even increased by an amount equal to the energy content of the liquid food load. Also other long-term studies have shown that energy ingested from energy yielding liquids add to the total energy intake during the day. [8] [9] [10] [11] [12] These data suggest that liquid calories may lead to a positive energy balance and subsequent weight gain. The underlying mechanism responsible for the difference in satiety responses between liquids and solids is still unclear. A possible mechanism that has been suggested in earlier studies is that the act of chewing the more solid foods may give a satiety signal which is not induced by swallowing a liquid. 4, 5 This may be related to the notion that the faster transit of fluids compared to solids leads to smaller sensory exposure time in the mouth. The objective of our study is first to investigate whether products differing in viscosity lead to differences in ad libitum intake and furthermore to investigate the hypothesis that the difference in ad libitum intake between products with different viscosities might be due to differences in oral exposure time. This implies that this effect operates through sensory mechanisms. A thicker product is probably eaten more slowly than a more liquid product. We assume that eating slower results in a longer stay of the product in the oral cavity and therefore in a longer oral exposure time.
We hypothesize that the effect of viscosity on food intake runs via sensory mechanisms. As explained in the satiety cascade of Blundell, 13 sensory processes have an early onset during the course of eating and primarily affect satiation. Satiation is the process that eventually brings the period of eating to an end and thus is responsible for meal termination. The importance of sensory aspects in meal termination has also been shown in the study of Hetherington.
14 Therefore in the design of our studies we chose to focus on satiation/meal termination, which we defined as ad libitum food intake. To achieve our objective we performed two studies. The aim of study 1 was to investigate the effect of viscosity on ad libitum food intake in a real-life setting. In this study it was found that subjects consumed more from more liquid products. Two possible explanations were differences in eating rate and differences in the effort to get the product in the mouth. Therefore the aim of study 2 was to investigate whether the observed difference in ad libitum intake could be related to eating rate and/or eating effort. Since interpretation of studies investigating viscosity may be hampered by the use of foods that differ along other dimensions than viscosity, we used foods with different viscosities but with the same energy content, energy density, nutrient composition and similar palatability.
Subjects and methods

Subjects
Subjects were recruited in the surroundings of Ede and Wageningen (the Netherlands) via flyers, advertisement in local papers and email. Subjects had to be healthy, aged 18-50 years, normal weight (BMI 18.5-30.0 kg m
À2
) and had to like chocolate flavored dairy products. Exclusion criteria were restrained eating (Dutch eating behavior questionnaire (DEBQ) men: score42.37, women: score43.24 15 ), lack of appetite for any (unknown) reason, following an energy restricted diet during the last 2 months, change in body weight of 45 kg during the last 2 months, stomach or bowel diseases, diabetes, thyroid disease or any other endocrine disorder or hypersensitivity for milk components. Subjects were not aware that the primary outcome of the studies was ad libitum food intake, as this could affect the outcome of the study. Subjects of study 1 were informed that the aim of the study was to test the palatability of chocolate flavored milk products while watching a movie. Subjects of study 2 were informed that the aim of the study was to investigate the effect of certain factors, such as eating rate and effort to consume a product, on taste experience. The studies were approved by the Medical Ethical Committee of the Wageningen University and all subjects gave their informed consent. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research.
A total of 132 subjects participated in study 1, of which 108 subjects were included in the data analysis (Table 1) . Subjects were excluded from data analysis because of incomplete data with respect to ad libitum intake (n ¼ 7) and mistakes in weighing the ad libitum intake (n ¼ 13). Furthermore, 4 subjects were accidentally included who were restrained eaters (n ¼ 2) and did not fulfill the criteria of a normal BMI (n ¼ 2). Fifty subjects participated in study 2, of which 1 subject was excluded from data analysis because of not adhering to the study protocol. Thirty-four subjects participated in both studies.
Test products
The test products were milk-based products with chocolate flavor specially developed for this study (NIZO food research, Ede, the Netherlands). The basis of all chocolate products was whole fat milk (68%), water (18%), sugar (6.5%), modified starch (3.5%), cream (2%), cacao (1.5%) and carrageenan (0.05%). The type starch was varied in the products to obtain three identical products differing solely in physical state, a liquid (comparable to commercially available chocolate milk), a semi-liquid and a semi-solid product (comparable to commercially available chocolate custard).
The products were made in the following way: After analysis of the protein, fat and lactose content, the fresh milk was standardized at 2.2% protein and 3.7% fat, by adding cream. To the standardized milk a dry mix of sugar, starch mixture (Perfectamyl A3108 and/or Farinex VA85T and/or Farinex VA40), cacao and carrageenan was added. After mixing of the ingredients, the product was pasteurized (30 s, 85 1C) and cooled down (o7 1C). Pasteurization was performed to prolong shelf life, however products still had to be produced in several batches to maintain palatability and microbiological safety throughout the studies. Products are commercially available at NIZO food research. Table 2 gives an overview of the mean liking scores and the sensory profile of the test products. Figure 1 shows the viscosity measurements of the experimental products. Measurements were made with a AR 2000 small strain rheometer (TA Instruments, Etten-Leur, the Viscosity and ad libitum food intake N Zijlstra et al Netherlands) at 5 1C with shear rates increasing from 0 to 1000 per second in 5 min. Viscosity at a shear rate of 50 per second at 5 1C was on average 85 mPa s for the liquid product, 233 mPa s for the semi-liquid product and 788 mPa s for the semi-solid product. For comparison, a commercially available chocolate milk and chocolate custard were also measured at 42 per second and 57 per second; for the chocolate milk this was 60 and 56 mPa s, and for the chocolate custard 2360 and 1870 mPa s.
Test products were equal in energy content, energy density, volume and macronutrient composition. Macronutrient content was determined by chemical analysis; protein by the Kjeldahl method, fat by the Rose Gottlieb method, subsequently carbohydrate was calculated by subtracting moisture, ash, protein and fat from total weight. Energy content was calculated from the macronutrient composition by means of the Atwater factors. For both studies, products were produced in several batches. For the chemical analyses, food samples were taken from a homogenous mixture of all batches within a study. Data from the different studies were averaged and are shown in Table 3 . In study 1, the liquid, semi-liquid and semi-solid products were used and in study 2, the liquid and semi-solid products.
Experimental procedure
The studies were randomized crossover experiments. The order of test products and conditions were randomized within subjects. The time between sessions was at least one day. Ad libitum intake was the primary outcome of both studies and was calculated from the weight of the products before and after consumption. Products were weighed on a digital scale with a precision of 0.1 g (model XP-3000, Denver Instruments, Göttingen, Germany and model 1203-MP, Sartorius, Gottingen, Germany). Subjects were not aware of the weighing. Products were served chilled (temperature varying from 5-13 1C in study 1 and 3-5 1C in study 2).
Study 1:
Ad libitum intake in a real-life setting To create a real-life setting and to distract subjects from visual and weight cues, study 1 was performed in a cinema. Each subject participated in three sessions, which were chosen out of total of six available test days. Each test session started at 1800 hours. On each test day a different movie was shown, however the type of movie was similar (romantic comedy). During the movie, subjects were instructed to eat as little or as much of the test product as they wanted. In order to keep any visual or weight cues from the subjects and to stimulate ad libitum intake, a surplus of the test product was served in white carton 'bag-in-boxes' (max content of 2 l, height 23 cm, width 12 cm, depth 8.5 cm) and consumed with a thick straw (length 26 cm, diameter 0.9 cm). The total duration of each movie was set at 90 min. The movie was divided into three parts of 30 min with breaks of 15 min in between. Table 4 gives an overview of the time schedule of a test session. During the break, subjects left the theater and handed in the box with test product. Before the restart of the film, they received a new box with test product. On average, three times 1501 ± 15 g of product was offered (total session 4504 ± 34 g). At the Abbreviation: ns, not significant. Numbers within a row having letter superscripts in common do not differ significantly (P40.05).
w Analyses of liking scores and sensory attributes were conducted using the General Linear Model (GLM) procedure with participant and product as independent variables. Least squares means were used for post hoc comparisons.
Viscosity and ad libitum food intake N Zijlstra et al beginning and end of the movie, satiety parameters and sensory attributes were rated. This study took place in the sensory cabins of the Department of Human Nutrition, Wageningen University. There were three experimental conditions: (1) free eating rate, different effort; (2) free eating rate, no effort and (3) fixed eating rate, no effort. During all conditions subjects were instructed 'to eat from the test product until pleasantly satiated'. It was not required to remain in the laboratory for a set period of time.
During condition 1 (control), subjects consumed from the blinded box by means of a thick straw, identical to the manner of consumption in study 1. In this condition, on average 1498±23 g of product was offered per session. During condition 2, an electric peristaltic pump (WatsonMarlow, type 323Dz and 505s, Watson-Marlow pumps Bredel, USA/Canada) with a silicon tube (length 2 m, diameter 4.8 mm; Rubber BV, Hilversum, the Netherlands) was used to deliver the product in the subject's mouth, so that no effort was required to consume the product. Subjects still needed to orally process the product and swallow. Subjects could control the pump themselves (minimum speed that was used: 12 g min
À1
, maximum speed: 224 g min À1 ). During condition 3, the peristaltic pump was set at a standardized rate to control eating rate. The pump was adjusted to pump for 10 s, hereafter to stop for 10 s and to repeat this cycle, to allow subjects to swallow and to imitate a natural drinking situation. The pump was set at a fixed rate of 100 g min À1 for men and 80 g min À1 for women.
Since the pump was set to pump the product every other 10 s the total intake of the subjects was fixed to 50 g min À1 for men and 40 g min À1 for women. Flow rates were higher for men since they have a higher energy need compared to women. During pre-testing, the chosen rates were experienced as convenient. In this condition the pump was not visible to the subject. In all conditions total time of consumption was measured. In condition 1, ad libitum intake was calculated by weighing the boxes before and after consumption and in conditions 2 and 3, ad libitum intake in grams was registered every 30 s. This was performed by placing the box with test product on the digital balance and recording the number on the display every 30 s. Subjects were not aware of the weighing.
At the beginning and end of the test session subjects rated satiety parameters, and before ad libitum intake sensory attributes were rated.
Standardization of satiety state before ad libitum intake To standardize the individual state of satiety, subjects in study 1 and 2 were instructed to eat the same breakfast and lunch during all test days and record their food and drink consumption in a diary. Furthermore, the individual state of satiety was standardized by means of a preload, which was a piece of commercially available mini pizza (1130 kJ per mini pizza, brand Chaupain, Kreko, Dordrecht, the Netherlands). The amount of pizza was based on individual energy needs, estimated by means of the Schofield I equation, 16 taking into account age, weight and a physical activity level (PAL) of 1.6. About one-sixth of energy of the daily estimated energy needs was provided by the preload, this is about half the amount of energy provided by the evening meal in the Netherlands. 17 For logistic reasons three energy groups were formed; group 1 (estimated energy needs p8.5 MJ): 1 mini pizza, group 2 (estimated energy needs between 8.5 and 11.9 MJ): 1.5 mini pizzas, and group 3 (estimated energy needs X11.9 MJ): 2 mini pizzas. In study 1, 7 subjects received 1 mini pizza, 78 received 1.5 mini pizzas and 23 received 2 mini pizzas. In study 2, 4 subjects received 1 mini pizza, 37 received 1.5 mini pizzas and 8 received 2 mini pizzas. During the test session, subjects were not allowed to eat or drink anything other than the preload and the test products.
Satiety parameters
In both studies, before and after ad libitum intake, subjects rated hunger, fullness, desire to eat, appetite for something sweet, appetite for something savory, prospective consumption and thirst on 10-point category scales. Scales were anchored from not at all/very little until very much. Changes in scores were calculated for the satiety parameters by subtracting the ratings before ad libitum consumption from after ad libitum consumption; thus negative scores indicate a decrease in rating. In study 1, analysis on ad libitum intake and on the satiety parameters were conducted by one-way ANOVA (Proc GLM, SAS) with participant and product as independent variables. If type of product had a significant effect, least squares means were used for post hoc comparisons. The liking scores before ad libitum intake were significantly different between products (see Table 3 ), therefore the analysis on the ad libitum intake was also performed with a correction for liking by adding the liking scores as independent variable to the model. To test whether the difference in intake between products was dependent on BMI, linear regression analysis was performed.
In study 2, the ad libitum intake data, the duration time of ad libitum eating, the rate of consumption and the satiety parameters were analyzed by two-way ANOVA (proc GLM, SAS), with participant, product and condition as independent variables including condition Â product interaction.
The analysis on ad libitum intake was also performed with correction for liking by adding the liking scores as independent variable. Least squares means were used for post hoc comparisons.
To test whether the difference between the liquid and the semi-solid was altered as an effect of condition, the difference between the intake of the liquid and the semisolid was calculated for each condition (intake liquid minus intake semi-solid). These intake differences were compared among the three conditions by one-way ANOVA (proc GLM, SAS) with condition and participant as independent variable. If condition had a significant effect, least squares means were used for post hoc comparisons. To test whether the difference in intake between the liquid and the semi-solid was dependent on BMI, linear regression analysis was performed.
Furthermore, linear regression analysis was performed within the 'free eating, no effort' condition on the ad libitum intake data versus consumption rate.
Results
Ad libitum intake test products in real-life setting The intake of the three test products was significantly different from each other (Po0.0001; Figure 2 ). Ad libitum intake was 809 ± 396 g for the liquid, 699 ± 391 g for the semi-liquid and 566±311 g for the semi-solid products. The difference between the liquid and the semi-solid products was 243 ± 304 g (30%; Po0.0001). The difference in intake between the liquid and the semi-liquid products was 110±299 g (14%; Po0.0001). The difference between the semi-liquid and the semi-solid products was 133 ± 233 g (19%; Po0.0001).
The intake of the products in the first half-hour of the test session were liquid 443±267 g, semi-liquid 384±234 g and semi-solid 316 ± 209 g. In the second half-hour intakes were liquid 187 ± 133 g, semi-liquid 161 ± 130 g and semi-solid 124±88 g. In the last half-hour of the test session, mean intakes were 179 ± 115 g for the liquid, 155 ± 126 g for the semi-liquid and 126 ± 97 g for the semi-solid.
Linear regression analysis showed that the differences in ad libitum intake were not statistically significantly dependent on BMI.
The correction for liking did not influence the mean ad libitum intake data or the P-values. Mean ad libitum intakes after correction were 802 g for the liquid, 699 g for the semi-liquid and 576 g for the semi-solid.
Ad libitum intake test products in laboratory setting Subjects consumed significantly more of the liquid product than of the semi-solid product (Figure 3 ) in the 'free eating rate, different effort' and in the 'free eating rate, no effort' conditions. However, the ad libitum intake of the liquid and Viscosity and ad libitum food intake N Zijlstra et al the semi-solid product was not statistically significantly different in the condition where eating rate was standardized. These effects are reflected in a significant condition Â product interaction (F ¼ 9.24, P ¼ 0.0001).
In the 'free eating rate, different effort condition' (condition 1), the absolute intake of the liquid and the semi-solid was the highest (419±216 and 277±130 g, respectively) and the difference in intake between the liquid and the semisolid was the largest, 143 ± 200 g (34%; Po0.0001).
In the 'free eating rate, no effort condition' (condition 2) the absolute intake of the liquid and the semi-solid were smaller (319 ± 176 and 226 ± 122 g, respectively) and the difference between the products was also smaller, 93 ± 137 g (29%; Po0.0001). However, this difference of 93 g was not significantly different from the difference of 143 g in the 'free eating rate, different effort'. So, controlling for effort had no statistically significant effect on the ad libitum intakes.
In the 'fixed eating rate, no effort condition' (condition 3) the absolute intake of the liquid and the semi-solid were the smallest and not significantly different from each other (200±106 and 176±88 g, respectively; P ¼ 0.24). The difference between the intake of the liquid and the semi-solid was also the smallest, 23 ± 78 g (12%). This difference was significantly different from the difference in intake between the liquid and the semi-solid in conditions 1 and 2 (Po0.0001 and P ¼ 0.01, respectively). So controlling for effort and eating rate has a significant effect on ad libitum intakes.
Linear regression analysis showed that the differences in ad libitum intake between the liquid and the semi-solid product were not statistically significantly dependent on BMI.
After correction for liking, the means of the ad libitum intake were not changed and significant results remained the same. Mean ad libitum intakes after correction were 419 g for the liquid and 278 g for the semi-solid in the 'free eating rate, different effort' condition, 316 g for the liquid and 229 g for the semi-solid in the 'free eating rate, no effort' condition and 197 g for the liquid and 177 g for the semi-solid in the 'fixed eating rate, no effort' condition.
Eating time and eating rate in laboratory setting
In study 2, the total time the subjects took for ad libitum intake (without the time of the sensory rating of the product) was not significantly different between the liquid and semisolid in the three testing conditions. The overall median time was 2.6 min for the liquid product and 2.8 min for the semi-solid product. Figure 4 shows the cumulative consumption over time for test conditions 2 and 3. This figure stops at 4 min, which is the 75 percentile value for both the liquid and semi-solid products. In condition 1, the 'free eating rate, different effort' condition cumulative consumption could not be measured. In the 'fixed eating rate, no effort' condition the mean consumption rate overall was 43.7 ± 5.8 g min À1 for the liquid product and 41.5±6.5 g min À1 for the semi-solid product. The mean consumption rates in the 'free eating rate, no effort' condition were significantly higher, 89.5±50.1 g min
À1
for the liquid product and 56.7 ± 20.2 g min À1 for the semi-solid product (Po0.001).
Furthermore, regression analysis within the 'free eating rate, no effort' condition showed that there is a significant positive relation between ad libitum intake and consumption rate; for the liquid product R-square ¼ 0.43 and Po0.0001, and for the semi-solid product R-square ¼ 0.44 and Po 0.0001. Table 5 gives an overview of the satiety ratings before and after ad libitum intake in the real-life setting (study 1). Before Figure 4 Cumulative ad libitum intake (grams±s.e.m.) over time (min) of the liquid and semi-solid product in study 2 under the experimental conditions 'free eating rate, no effort' and 'fixed eating rate, no effort'. Viscosity and ad libitum food intake N Zijlstra et al ad libitum intake there were no significant differences in ratings between the products. After ad libitum intake, change in thirst scores was significantly different between the products (P ¼ 0.007). The liquid product decreased thirst more than the other products. Similar ratings were obtained in the experimental study (study 2; data not shown).
Satiety parameters
Discussion
The results of our studies show that food differing in viscosity lead to clear differences in ad libitum intake, both in the realistic setting as well as in the laboratory setting. As far as we know these are the first studies that demonstrated such a clear effect of viscosity on ad libitum intake/meal termination. This effect was not due to differences in energy content, energy density or macronutrient content as they were all identical. Thus the potential confounders in the interpretation of liquid-solid differences in satiety were controlled for. The effect was, furthermore, not due to the effort to get the product in the mouth. In the present studies the effect was explained by the faster eating rate of the liquid compared to the semi-solid product.
In our study, we found that the eating rate of the liquid product was significantly higher than the eating rate of the semi-solid product. Other studies which measured eating rate also showed that the consumption rate of liquids is much higher than that of solids, which is in agreement with our results. In the study of Haber et al. 4 subjects had to consume a fixed amount of apples, apple purée or apple juice. The apple juice was eaten more than 10 times faster than the apple and nearly 3 times faster than the puree. Also in the study of Kissileff et al., 18 it was found that the liquefied version of the food was eaten faster (108 g min À1 ) than the solid version (71 g min À1 ) when both foods had to be eaten with a spoon.
The finding that the differences in intake between the liquid and the semi-solid are explained by eating rate, suggests that the transit time in the oral cavity plays an important role in this respect. With eating rate we mean the consumption volume per minute rather than the total time available for an eating episode. A liquid is eaten at a much higher rate and does not stay in the mouth for a long time, while a thick product is eaten more slowly and stays in the mouth much longer. This could be an important factor in the explanation of differences in satiety responses between liquids and solids. When a product stays in the mouth for a longer time, the exposure time to sensory receptors in the oral cavity is longer and there is more opportunity for more exposure to taste, smell, texture and so on.
In our second study in the laboratory setting we found that the ad libitum intake in the conditions with a pump was lower compared to the intake by means of a straw. Additionally, we found that the total eating time in this study was low. This could have been a result of the fact that subjects were not instructed to remain in the laboratory for a fixed period of time. Perhaps in future studies it would be better to set a fixed time of presence in the laboratory, to make sure subjects are eating normally. Furthermore in this second study we were able to remove the effort to get a product into the mouth by using a pump. We did not remove the effort to orally process the product. However, we assume that these factors did not have a large effect on our data since the products used in our studies required no chewing. Nevertheless, further studies in this area are needed. Eating rate and oral physiology are also subjects of our future studies.
Other factors that could have influenced the ad libitum intake in study 2 is that drinking by means of a peristaltic pump was unnatural or that the fixed eating rate of 50 g min À1 (men) or 40 g min À1 (women) was low and the cycle of the pump to stop every 10 s was unpleasant or became boring. However, the satiety ratings were not significantly different between the different test conditions. Apparently subjects did consume the products until satiated. The finding that there were no differences in satiety parameters after ad libitum intake in our studies, despite the considerable differences in intake, is interesting. Apparently subjects did not feel less hungry or fuller after the larger consumption of the liquid product. This was also seen in the study of Wansink et al. 19 in which subjects ate significantly more soup from self-refilling bowls than subjects eating from normal bowls. Although they consumed 73% more compared to the subjects eating from normal bowls, they did not feel more satiated. Some other studies investigating satiety responses to liquids and solids did find differences in satiety ratings. Mattes and Rothacker 2 performed a study with a thin and thick version of a shake with equal volume, energy content and macronutrient composition. They found that hunger ratings were significantly lower after ingestion of the more viscous shake. Also Hulshof et al. 1 found clear differences in appetite ratings between three preloads differing in physical states, with the solid preloads suppressing appetite ratings the most. In the study of Tsuchiya et al., 3 it was found that satiety ratings following a yogurt preload were significantly higher than following a preload of fruit drink or dairy fruit drink. No difference however was found between the two yogurts, which were a semi-solid yogurt and the same yogurt homogenized to liquid form. However, the yogurts contained more protein than the beverages and it has been shown that of the macronutrients, protein is more satiating.
20,21
All of the above mentioned studies that did find differences in satiety ratings were preload studies. In these types of studies, subjects consume a fixed amount of the several test products, usually equal in energy content. In our study subjects could eat ad libitum until satiated. Apparently energy intake and feelings of satiety do not correspond with each other between liquids and solids. When the same amounts of calories are consumed, the subjective feelings of satiety are different and when the subjective feelings of Viscosity and ad libitum food intake N Zijlstra et al satiety are the same, the amount of calories consumed is different. That hunger ratings are not accurate predictors of energy intake has already been shown in earlier studies, for example, by Mattes. 22 Perhaps the human appetite system is not well equipped to sense liquid calories. In nature, calories in liquid form do not occur, except for milk during infancy, which is a period of rapid growth. During this period there is a largely direct relationship between food viscosity and caloric content since the viscosity and the caloric density of human breast milk appear to vary together. 23, 24 Breast feeding may provide an important initial exposure to a general rule that thicker substances contain more calories than thinner substances. 24, 25 This could mean that the difference in satiety responses between liquids and solids is based on learned behavior. Furthermore that solely the mouth feel of a product already could have an effect on the relationship between viscosity and intake. So far, based on the studies described in this article, we conclude that food intake increases with decreasing viscosity and that the mechanisms through which viscosity affects food intake work (partly) through a higher/longer sensory exposure time and/or a longer transit time of the product in the oral cavity.
